ABSTRACT
INTRODUCTION
Screening of cDNA libraries is very important for isolating transcripts of genes that regulate cellular functions and integrity. Several derivatives of λ bacteriophage with improved cloning features have been in use as cloning vectors for many years (2-4,8,9). In practice, however, parental non-recombinants produce a large number of plaques (3, 6) , possibly because of frame-shift mutations (5) . Phage titering remains the only method for evaluating the strength of a cDNA library, although, in reality, it only displays the number of plaque-forming bacteriophages rather than the actual number of recombinants in the library. The success of cloning a desired cDNA species depends directly on the complete representation of all mRNAs present at different abundance in the library. Non-recombinants, if present in significant numbers, lower the overall mRNA representation in the library and may underrepresent rare mRNA species. Thus, the total number of plaques to be screened as calculated by conventional methods for cloning of a low abundant cDNA might be less than are actually required. Consequently, screening of an inappropriate number of plaques may lead to confusion, costing more time and money because of repeated screenings. Therefore, there is a need for an accurate and convenient method that can identify and evaluate the exact proportion of non-recombinants in a cDNA library before it is used for cloning.
MATERIALS AND METHODS
cDNA Library Construction cDNA was synthesized from the HeLa cell line and normal human placental mRNA using a linker-primer [oligo(dT)-Xho I] from the Zap-cDNA ® synthesis kit (Stratagene, La Jolla, CA, USA). cDNA library construction and determination of titer was done following the manufacturer's instructions. Routine blue/white plaque screenings were conducted to determine the pfu/ µ g of vector arms.
Phage-Recombinant and Non-Recombinant Control
A 653-bp pBR322 fragment was cloned into the Zap ® phage vector (Stratagene) , confirmed by DNA sequencing, and used as a phage recombinant control in all multiple cloning region (MCR)-PCR amplifications. The parental Zap phage vector was used as a phage non-recombinant control.
Plasmid-Recombinant and NonRecombinant Control
A 560-bp cDNA fragment was cloned into pGEM ® -7Zf(-) plasmid (Promega, Madison, WI, USA), confirmed by DNA sequencing, and used as plasmid recombinant control. The parental pGEM-7Zf(-) plasmid was used as non-recombinant control.
MCR-PCR
Aliquots of the cDNA libraries were boiled for 5 min, cooled on ice, microcentrifuged at 14 000 × g for 10 min, and the supernatant used for MCR-PCR after DNA estimation. Plasmid DNA was used without pretreatment. The reaction mixture (50 µ L) consisted of 10 pmol each primer, 50 µ M each dNTP, 1 U Taq DNA polymerase (Amersham Biosciences, Piscataway, NJ, USA) in PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 ). The PCR was carried out on a model TC-1 DNA thermal cycler from Applied Biosystems (Foster City, CA, USA) with an initial denaturation at 94°C for 4 min, followed by 35 cycles at 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 5 min. The PCR primers used were T3 5 ′ -AATTA -ACCCTCACTAAAGGG-3 ′ , T7 5 ′ -AA -TACGACTCACTATAGGGA-3 ′ , and SP6 5 ′ -AATTAGGTGACACTATA-3 ′ (Synthetic Genetics, San Diego, CA, USA and Invitrogen, Carlsbad, CA, USA). PCR products were analyzed by electrophoresis through 1.2% agarose gels, and the images were analyzed by Kodak ® EDAS 1D software (Amersham Biosciences). DNA sequencing was conducted on a manually operated Macrophor 2010 electrophoresis system (Amersham Biosciences).
Validation Test
DNA templates from phage-recombinant control (MCR+) were mixed with the HeLa library before MCR-PCR amplification. Phage-recombinant control templates were added in increasing amounts of 0, 10, 100, 250, 500, 1000, and 250 ng while keeping the HeLa transcripts library constant at 50 ng. In the second set, the concentrations were reversed. MCR-PCR ampli -fication was done on each of these mixtures using T7 and SP6 primers.
Plasmid-recombinant and non-recombinant controls were used in a similar validation test. Figure 1 shows the PCR products from phage-recombinant and non-recombinant controls and cDNA libraries using specific transcription promoter sequences flanking the MCR as primers. Both HeLa and placental cDNA libraries show the 167-bp MCR fragment that is absent in the phage-recombinant control. On the other hand, the phage-recombinant control shows the 784-bp MCR+ fragment without the 167-bp MCR fragment ( Figure 1C) . The MCR+ fragments from HeLa and placental cDNA libraries are seen as smears along with the 167-bp MCR fragment following re-amplification ( Figure 1D ). Figure 2A shows a progressive decrease of the 167-bp MCR fragment from the HeLa cDNA library with an increase in the 784-bp MCR+ fragment of the phage-recombinant control. The result was reversed when the phage recombinant control was kept constant while varying the concentration of the HeLa library ( Figure 2B ). These results show that, with the increase of phage-recombinant control in the mixture, the intensity of the 167-bp MCR fragment from the HeLa library progressively decreased and vice versa. Thus, a library without parental non-recombinant phages showed only the MCR+ fragment (Figure 2A , lane 8, and Figure 2B , lane 1). Similar results were also obtained when plasmid recombinant control was mixed with varying amounts of plasmid non-recombinant control before MCR-PCR amplification ( Figure 2C ). Results from these experiments validated the MCR fragment as the marker for parental non-recombinant phages in libraries.
RESULTS AND DISCUSSION
To test the fidelity of the MCR-PCR method in detecting non-recombinant parental phages from cDNA libraries, 11 representative cDNA libraries were tested by MCR-PCR. The intensity of the MCR fragment from phage non-recombinant control was considered as 100%, while compared with the intensity of the MCR fragment that was obtained from the same amount of cDNA library. Table 1 shows the titer of each of the cDNA libraries used in this study. Some of these libraries were obtained commercially, while others were obtained from different laboratories or were prepared in-house. The intensity of the 167-bp MCR-PCR fragment in these libraries differed considerably ( Figure 3A) . It may be noted that the libraries in Figure 3A, lanes 1, 3, 5 To show the correlation between the MCR-PCR fragment intensity and the level of target sequence retrieval from cDNA libraries, primers of highly abundant actin transcripts were used for PCR amplification. As shown in Figure  3B , the intensity of the 177-bp actin fragments varied significantly. It is interesting that the libraries shown in Figure 3B, lanes 2, 4, 6, 8, 9 , and 10, containing lower amounts of non-recombinant phage produced actin fragments of relatively higher intensities compared to libraries with higher MCR band intensity ( Figure 3B, lanes 1, 5,  and 7) . However, blue/white color selection did not seem to be as conclusive as MCR-PCR as far as the percent of actin sequence retrieval was concerned. There was no direct correlation between the percent of blue plaques and the MCR band intensity ( Figure 3B,  lanes 3, 5, 6, and 9) . The results from this study show that the presence of high proportions of parental non-recombinant phage in the library can negatively influence the level of target sequence retrieval. The presence of Eco RI linkers in multiple copies as inserts ( Figure 2D ) in an IPTG-X-gal-selected white plaque also demonstrates that non-recombinant phages can appear white because of false inserts or sub-optimal levels of IPTG (7). Our study shows that blue/white color selection is not always related to recombination and that libraries with high titer may show a low percent of blue plaques but have both a high and low percent of target sequence retrieval (Table 1) .
Taking into account the rarity (abundance) of mRNA species to be cloned, certain statistical considerations have been practiced for many years for calculating the number of unique clones that must be screened to ensure the isolation of a particular clone by using the following equation (1, 3) .
where N is the number of clones required, P is the probability of isolating the clone (usually set at a desired value of 99%), and n is the fractional proportion of the total mRNA population represented by a single mRNA species (the abundance of the desired clone).
As every cDNA library contains variable proportions of parental non-recombinant phage as background, the equation can be corrected by incorporating the MCR-PCR data as follows.
ln (1 -n) where, N, P, and n are the same as in equation 1, and y equals the fractional proportion of non-recombinants (as represented by the MCR band intensity). Therefore, the number of plaques to be screened as calculated by the revised formula will be proportionately higher than the number calculated by the existing method.
To our knowledge, apart from color selection, this is the first report of a PCR-based method that can identify and evaluate the presence of contaminating non-recombinants in a cDNA library. The percent of parental non-recombinants calculated by this method can be accommodated into the existing calculations for correcting the number of plaques needed for library screening. In this report, we have addressed a problem that is inherently associated with the construction and screening of a cDNA library. The MCR-PCR method has the potential to qualify those phagecDNA ligation reactions that do not show any parental phages at the early stages of cDNA library preparation. Thus, by selecting preparations that are free of parental non-recombinant phage, one could possibly construct a cDNA library with ideal mRNA representation.
